Pulmonary fibrosis is a severe complication associated with bis-chloronitrosourea (BCNU) therapy. However, the pathogenetic mechanism has never been well investigated. We report here a 26-year-old female with diffuse large B-cell lymphoma who died of severe pulmonary fibrosis 81 days after the administration of high-dose BCNU (600 mg/m 2 ). Thoracoscopic wedge resection of left upper lung performed 10 days before patient's death showed severe pulmonary fibrosis with prominent hyperplasia of alveolar macrophages and type II pneumocytes. We further used immunohistochemistry (IHC) to examine the relative role of platelet-derived growth factor-B (PDGF-B), insulin-like growth factor I (IGF-I), transforming growth factor-b1 (TGF-b1) and cyclooxygenase-2 (COX-2) in the pathogenesis of BCNU-related pulmonary fibrosis. Strong expressions of PDGF-B and IGF-1 on alveolar macrophages and type II pneumocytes were clearly demonstrated, but in contrast, the expressions of TGF-b1 and COX-2 were almost undetectable. In conclusion, pulmonary fibrosis can develop early and progress rapidly after the administration of high-dose BCNU. The markedly increased expression of fibrogenic factors PDGF-B and IGF-1 on hyperplastic alveolar macrophages and hyperplastic type II pneumocytes may play an important role in the fibrogenesis of this disease. These novel findings may offer specific therapeutic targets in the treatment of BCNU-associated pulmonary fibrosis.
Summary:
Pulmonary fibrosis is a severe complication associated with bis-chloronitrosourea (BCNU) therapy. However, the pathogenetic mechanism has never been well investigated. We report here a 26-year-old female with diffuse large B-cell lymphoma who died of severe pulmonary fibrosis 81 days after the administration of high-dose BCNU (600 mg/m 2 ). Thoracoscopic wedge resection of left upper lung performed 10 days before patient's death showed severe pulmonary fibrosis with prominent hyperplasia of alveolar macrophages and type II pneumocytes. We further used immunohistochemistry (IHC) to examine the relative role of platelet-derived growth factor-B (PDGF-B), insulin-like growth factor I (IGF-I), transforming growth factor-b1 (TGF-b1) and cyclooxygenase-2 (COX-2) in the pathogenesis of BCNU-related pulmonary fibrosis. Strong expressions of PDGF-B and IGF-1 on alveolar macrophages and type II pneumocytes were clearly demonstrated, but in contrast, the expressions of TGF-b1 and COX-2 were almost undetectable. In conclusion, pulmonary fibrosis can develop early and progress rapidly after the administration of high-dose BCNU. The markedly increased expression of fibrogenic factors PDGF-B and IGF-1 on hyperplastic alveolar macrophages and hyperplastic type II pneumocytes may play an important role in the fibrogenesis of this disease. These novel findings may offer specific therapeutic targets in the treatment of BCNU-associated pulmonary fibrosis. , are known to be associated with BCNU-related pulmonary injury. 4, 5 However, the pathogenetic mechanism of BCNU-associated pulmonary fibrosis has never been studied.
Current concepts suggest that macrophages play an important role in idiopathic pulmonary fibrosis (IPF) by virtue of their ability to release many cytokines promoting fibrogenesis, 6, 7 and the final result of 'fibrosis' involves increased activity and exaggerated responses by a spectrum of profibrogenic mediators with a concomitant loss of counter-regulative factors that protect against fibrogenesis. Many studies have shown that PDGF is a potent mitogen and chemoattractant of fibroblasts. Expression of PDGF-B, an isoform of PDGF, from adenoviral vectors or administration of recombinant human PDGF-B, delivered intratracheally to rat lung, produces histological features of fibrosis. 8 IGF-1 stimulates proliferation of fibroblasts where it may act synergistically with other fibrogenic growth factors, and is also a potent inducer of collagen synthesis. 9, 10 Increased IGF-1 messenger RNA (mRNA) has been detected in lung tissues following the induction of bleomycin-induced pulmonary fibrosis in mice. 7 TGF-b1 is also a potent chemoattractant of fibroblasts and is consistently found to be upregulated at sites of fibrogenesis, including pulmonary fibrosis. 11, 12 Pulmonary fibrosis and collagen synthesis are regulated by a complex interaction between many profibrogenic mediators (mentioned above) and many antifibrogenic mediators. Of these, PGE2 was best studied and has been showed to potently inhibit fibroblast proliferation and collagen synthesis. 13, 14 Decreased capacity to upregulate COX-2 mRNA expression and COX-2-derived PGE2 synthesis in the presence of increasing levels of profibrogenic mediators leads to unopposed fibroblast proliferation and collagen synthesis. 15 Recent data show that PGE2 synthesis and suppression of fibroblast proliferation by alveolar epithelial cells is COX-2 dependent. 16 Would PDGF-B, IGF-1, TGFb1 and COX-2 also play some roles in BCNU-associated pulmonary fibrosis? We report here a 26-year-old female receiving autologous peripheral blood stem cell transplantation (APBSCT) for diffuse large B-cell lymphoma who died of rapidly progressing BCNU-associated pulmonary fibrosis. Furthermore, we also examined the relative role of PDGF-B, IGF-1, TGF-b1 and COX-2 in the pathogenesis of BCNUassociated pulmonary fibrosis.
Methods

Case history
APBSCT was performed on a 26-year-old female of diffuse large B-cell lymphoma at second complete remission. Treatments before transplantation included seven courses of CHOP (cyclophosphamide, doxorubicin, vincristine and prednisolone), six courses of intrathecal chemotherapy with methotrexate, cytarabine and dexamethasone for meningeal relapse, and two courses of high-dose cytarabine-based salvage chemotherapy. PBSC harvest was performed during the recovery phase after the second course of salvage chemotherapy. The pretransplant chest X-ray and vital organ function were normal. The conditioning chemotherapy for APBSCT consisted of BCNU 600 mg/ m 2 i.v. on day À4, etoposide 800 mg/m 2 i.v. on day -3 and cyclophosphamide 4 gm/m 2 i.v. daily on days À2 and -1. The date of PBSC infusion is defined as day 0. Early post transplantation course was uneventful, and recovery of neutropenia occurred on day 10. However, fever, nonproductive cough and pulmonary infiltration developed on day 34. She was initially treated for pneumonia although no microorganism was isolated from repeated cultures of sputum and blood. Prednisolone 1 mg/kg/day was added on day 51 for increasing dyspnea and infiltration on chest X-ray (Figure 1a) . Unfortunately, her clinical condition and the pulmonary infiltrates on chest X-ray deteriorated rapidly after the use of steroid (Figure 2b , chest X-ray on day 63) and so video-assisted thoracoscopy with wedge resection of left upper lobe was performed on day 64. The patient became ventilator dependent after this procedure and finally died of respiratory failure on day 76.
Routine pathological studies
The tissue specimens obtained from thoracoscopic wedge resection of left upper lobe were fixed with 10% formaldehyde and embedded in paraffin, from which 6-mm-thick sections were cut. Sections of each specimen were stained with hematoxylin and eosin (H&E) for routine histopathologic examination, acid-fast stain for the detection of acidfast microorganism and silver stain for the detection of pneumocystis carinii.
Immunohistochemical studies
Serial sections, prepared from blocks of lung tissue obtained from thoracoscopic wedge resection, were fixed, deparaffinized, and then incubated with 0.3% hydrogen peroxide to remove endogenous peroxidase activity followed by reblock with normal horse serum to reduce nonspecific binding. The lung sections were then stained with mouse monoclonal antibody (Ab) to human macrophage (DAKO CD68, DAKO, Kyoto, Japan), rabbit polyclonal Ab to PDGF-B (Santa Cruz, Santa Cruz, CA, USA), mouse monoclonal Ab to IGF-1 (Upstate, Lake Placid, NY, USA), rabbit polyclonal Ab to TGF-b1 (Santa Cruz, Santa Cruz, CA, USA) and COX-2 (Oxford Biomedical Res., Oxford, MI, US), and mouse lyophilized monoclonal antibody to late antigen of cytomegalovirus (Novocastra Lab Ltd, Newcastle upon Tyne, UK). The lung tissues were then incubated with biotinylated antimouse/rabbit IgG Ab. Subsequent color development was achieved by incubating the sections with either aminoethyl carbazole (AEC; DAKO, Carpinteria, CA, USA) for CD68, TGF-b1 and COX-2 or 3,3 0 -diaminobenzidine tetrahydrochloride (DAB; Zymed Lab. Inc., South San Francisco, CA, USA) for PDGF-B, IGF-1, and late antigen of cytomegalovirus. Positive staining was recognized under a microscope as crimson color for AEC and brown color for DAB.
Results
Lung biopsy showed severe pulmonary fibrosis and no microorganism including cytomegalovirus was identified. Marked interstitial expansion by fibrous tissue with few inflammatory cells was found and the alveoli spaces were filled by mononuclear cells (Figure 2a ). The strongly positive staining with monoclonal anti-CD68 antibody indicated that these alveolar mononuclear cells were macrophages (Figure 2b ). In addition to the markedly increased foaming alveolar macrophages, prominent hyperplasia of type II pneumocytes could also be found at higher magnification (Figure 2c ). Immunohistochemical studies showed that PDGF-B and IGF-1 were positively stained in the alveolar macrophages and type II pneumocytes (Figure 3a, b) . In contrast, the expressions of TGF-b1 and COX-2 were almost undetectable (Figure 3c, d) . With higher magnification, the expressions of PDGF-B and IGF-1 were more prominent in the hyperplastic type II pneumocytes as compared to the alveolar macrophages (Figure 3e, f) , besides, IGF-1 was also strongly expressed in the interstitial fibroblasts and endothelial cells (Figure 3f ).
Discussion
BCNU-associated pulmonary fibrosis was first reported by Holoye et al in 1976. 17 Over the past 10 years, high-dose BCNU (300-800 mg/m 2 ) with HSCT has been used increasingly to treat patients with lymphoma. In this setting, BCNU-related acute lung injury had been reported in 10-40% of patients after HSCT. 18 Despite the fact that BCNU is long recognized as a pulmonary toxin, the pathophysiology of BCNU-associated lung injury has not been well investigated. In contrast, considerable advances in the understanding of the pathogenesis of IPF have been achieved recently. In a recent consensus statement issued jointly by the American Thoracic Society and the European Respiratory Society, the roles of 'various cytokines and growth factors' are described as 'critical' to the process of fibrosis. 19 In the current study, although only one patient's specimen was examined, the overexpression of PDGF-B and IGF-1 is demonstrated and localized predominantly to alveolar macrophages and type II pneumocytes. In normal adult lung, PDGF-B and IGF-1 proteins are expressed moderately in alveolar macrophages only. 20 This indicates that both PDGF-B and IGF-1 played an important role in the fibrogenic process of this patient. In addition, the more intense expression of PDGF-B and IGF-1 in type II pneumocytes as compared to alveolar macrophage indicates that type II pneumocyte may be a more important source of these profibrogenic mediators than alveolar macrophage. The type II pneumocyte is traditionally recognized as the 'defender' of the alveolus, a concept challenged recently. 21 Our findings suggest that type II pneumocytes may contribute, at least partially, to the pathogenesis of BCNU-associated pulmonary fibrosis.
TGF-b1 overexpression was found in many animal models of pulmonary fibrosis. Surprisingly, the expression of TGF-b1 was almost undetectable in this patient, and suggests that BCNU-associated lung injury may be mediated via a TGF-b1-independent pathway. However, since the lung tissue we examined was taken 13 days after prednisolone treatment, we cannot exclude the possibility that the decreased expression of TGF-b1 is the result of a suppressive effect of corticosteroid on TGF-b1 production. 22 COX-2 expression also was almost undetectable in this patient. Whether the decreased expression of COX-2 is due to a BCNU-related biological effect or the suppressive Figure 3f ) were more prominent in type II pneumocytes as compared to alveolar macrophages. Besides, IGF-1 was also strongly expressed in the endothelial cells (arrow head) and interstitial fibroblasts (arrow). effect 23 of previous prednisolone treatment, the decreased activity of this 'protective' enzyme may also contribute to fibrogenesis of this patient.
Many important issues, however, are not answered in this study. The lung tissues we examined showed the late stage of pulmonary injury. Is there an 'initial inflammatory' stage after BCNU exposure? The cytokine profiles we examined in this study may not represent a pathogenetic mechanism but rather may be a consequence of the inflammatory process. Why were PDGF-B and IGF-1 overexpressed? Was this from the effect of BCNU itself, or mediated by other chemokines or cytokines? What is the precise role of type II pneumocyte? Defender or offender? What is the effect of concomitant cyclophosphamide chemotherapy on BCNU-associated lung injury? The lack of appropriate animal models limits our understanding of the pathophysiology of BCNU-associated lung injury in detail, and we believe these questions will remain unanswered in the recent future. In addition to these, the decreased expression of COX-2 and the refractoriness to corticosteroid treatment of this patient should not be interpreted as ineffectiveness of corticosteroid in the treatment of BCNU-associated lung injury. Lung injury after high-dose BCNU may include a severe form, that is, idiopathic pneumonia syndrome (IPS), and a less severe form, that is, delayed pulmonary toxicity syndrome (DPTS). Rubio et al 5 reported that nine (17%) of 53 patients with relapsed Hodgkin's disease treated with BCNU higher than 475 mg/m 2 died of IPS early (median 74 days) after transplantation and many were corticosteroid refractory. In contrast, Wilczynski et al reported that 41 (91%) of 45 patients with breast cancer treated with BCNU 600 mg/m 2 had a significant decline in single breath diffusing capacity (DLco) after transplantation. Corticosteroid was given to 26 symptomatic patients and a subsequent improvement in DLco of 17.1% was found. Most important of all, no patient died of pulmonary injury in this cohort and the authors attributed this favorable result to early recognition of DPTS and rapid institution of treatment with corticosteroid. 24 Whether the DPTS seen in these patients is the 'early stage' of the spectrum of IPS or a different disease entity still needs to be clarified. 25 However, it is highly likely that in case of frank pulmonary fibrosis, as seen in our patient we presented here, the result of corticosteroid treatment would be disappointing not only because of the persistent expression of profibrogenic growth factors such as PDGF-B and IGF-1 but also due to the potentially detrimental effect of corticosteroid on COX-2 expression. A more specific antifibrogenic agent such as pirfenidone, which can suppress the synthesis of PDGF, 26 may deserve a trial in this situation.
In conclusion, pulmonary fibrosis can develop early after the administration of high-dose BCNU and may progress rapidly to death. The increased expression of fibrogenic growth factors PDGF-B and IGF-1 on the markedly hyperplastic type II pneumocytes and alveolar macrophages may play an important role in the fibrogenesis of this disease. Nevertheless, examination of more tissue specimens from other patients with BCNU-associated pulmonary fibrosis is needed to confirm our findings.
